Leptomeningeal glioneuronal heterotopia (LGH) is a focal malformation of the cerebral cortex and frequently found in patients with thanatophoric dysplasia (TD). The pathophysiological mechanisms underlying LGH formation are still largely unclear because of difficulties in obtaining brain samples from human TD patients. Recently, we established a new animal model for analysing cortical malformations of human TD by utilizing our genetic manipulation technique for gyrencephalic carnivore ferrets. Here we investigated the pathophysiological mechanisms underlying the formation of LGH using our TD ferrets. We found that LGH was formed during corticogenesis in TD ferrets. Interestingly, we rarely found Ki-67-positive and phospho-histone H3-positive cells in LGH, suggesting that LGH formation does not involve cell proliferation. We uncovered that vimentin-positive radial glial fibers and doublecortin-positive migrating neurons were accumulated in LGH. This result may indicate that preferential cell migration into LGH underlies LGH formation. Our findings provide novel mechanistic insights into the pathogenesis of LGH in TD.
Introduction
Leptomeningeal glioneuronal heterotopia (LGH) is a focal malformation of the cerebral cortex and is characterized by ectopic cell aggregates in the marginal zone and the leptomeninges (1, 2) . Because heterotopia is closely associated with clinical symptoms such as mental retardation and intractable epilepsy (3, 4) , investigation of the pathophysiological mechanisms underlying LGH formation is an important issue.
Thanatophoric dysplasia (TD) is a common lethal skeletal dysplasia in which the cerebral cortex displays severe malformations such as polymicrogyria, periventricular nodular heterotopia (PNH) and LGH (5) (6) (7) (8) . TD arises from a single amino acid mutation in the tyrosine kinase domain of FGF receptor 3 (FGFR3) which results in constitutive activation of FGFR3 (5) (6) (7) (8) . Pathophysiological mechanisms of cortical malformations found in human TD patients had been studied by utilizing a mouse model (hereafter referred as to TD mice), which carries an activating mutation in the Fgfr3 gene (9) (10) (11) (12) . However, the pathophysiological mechanisms of LGH in TD remain largely unclear because TD mice did not exhibit several cortical malformations including LGH (9, 12) . Therefore, appropriate animal models for studying the cortical malformations of TD have been needed.
Ferrets have been used for investigating the mechanisms underlying the formation of the cerebral cortex and cortical malformations because, compared with mice, ferrets have relatively well-developed gyrencephalic brains (13) (14) (15) (16) (17) (18) (19) (20) (21) . We recently established a genetic manipulation technique for ferrets using in utero electroporation (22) (23) (24) (25) and used our technique to develop a new TD animal model (hereafter referred as to TD ferrets) (26) . To generate TD ferrets, we introduced fibroblast growth factor 8 (FGF8), which has the highest affinity to FGFR3, into the cerebral cortex of developing ferrets (26) . In contrast to TD mice (9, 12) , our TD ferrets exhibited several cortical malformations found in human TD, including polymicrogyria and PNH (26, 27) . Using our TD ferrets, we have reported the pathophysiological mechanisms of polymicrogyria and PNH (26, 27) . Because the pathophysiological mechanisms of LGH in TD have not been fully addressed yet, here we investigated our TD ferrets and found the presence of LGH in our TD ferrets. We found that LGH was formed during corticogenesis. Interestingly, we rarely found Ki-67-positive and phospho-histone H3-positive cells in LGH, suggesting that LGH formation is irrelevant to cell proliferation. We uncovered that radial glial fibers and doublecortinpositive cells were accumulated in LGH. This result may indicate that preferential cell migration into LGH underlies LGH formation. Our findings provide novel mechanistic insights into the pathogenesis of LGH in TD.
Results

The cerebral cortex of TD ferrets exhibits LGH
To make TD ferrets, plasmids encoding FGF8 and green fluorescent protein (GFP) were introduced into the cerebral cortex of ferrets using in utero electroporation at embryonic day 33 (E33). For histological analyses of TD ferrets, coronal sections of the cerebral cortex were prepared at postnatal day 16 (P16) and subjected to immunohistochemistry and Hoechst staining. As we previously reported (26) , immunohistochemistry for the panneuronal marker NeuN showed polymicrogyria (Fig. 1A, arrow) and PNH (Fig. 1A, arrowhead) in the cerebral cortex of TD ferrets. Therefore, our TD ferrets seemed to be an appropriate animal model for investigating the pathogenesis of the cortical malformations found in human TD patients.
Interestingly, we found ectopic cell aggregates in the marginal zone of the cerebral cortex in TD ferrets (Fig. 1B, arrows) . 71% of TD ferrets exhibited the ectopic cell aggregations at P15-P17 (N ¼ 7 animals). These ectopic cell aggregations were never observed in the control brains (Fig. 1B) . Immunohistochemistry for laminin, which is found in the extracellular matrix in the leptomeninges, showed that ectopic cell aggregations were often located in the leptomeninges (Fig. 1C) , suggesting that ectopic cells penetrate the glia limitans in TD ferrets. Immunostaining revealed that the ectopic cell aggregates express NeuN (Fig. 1B , arrows), suggesting that the ectopic cell aggregates consist of postmitotic neurons. Immunostaining for the glial marker glutamine synthetase (GS) revealed that GS-positive cells were often found in the ectopic cell aggregates (Fig. 1D, arrows) , suggesting that the ectopic cell aggregates in TD ferrets are composed of both postmitotic neurons and glial cells. These results indicate that the ectopic cell aggregates are leptomeningeal glioneuronal heterotopia (LGH). Our quantitative analyses revealed that LGH was mostly observed whenever PNH existed at P15-17. 71% of TD ferrets with PNH also exhibited LGH (N ¼ 7 animals). 59% of LGH included GFP-positive cells (n ¼ 54 LGH) (Fig. 1B) . Because these histological findings are consistent with those of LGH in human TD patients (28), we further investigated the pathogenesis of LGH using our TD ferrets.
LGH formation in TD ferrets during development
We next investigated the time course of LGH formation in TD ferrets during development. Hoechst staining revealed that ectopic cell aggregates had not been formed in the marginal zone of TD ferrets at E37 ( Fig. 2A and B) and became detectable at P6 (Fig. 2C and D, arrows) (all TD ferrets exhibited LGH, N ¼ 4). These results suggest that LGH is formed around the time of birth in TD ferrets. However, cells in LGH rarely expressed NeuN at P6 (Fig. 2D, arrows) , suggesting that cells in LGH are not fully mature neurons at P6. We next examined whether LGH remained even after corticogenesis is mostly completed. Immunostaining for NeuN revealed that LGH was also present in TD ferrets at P36 (71% of TD ferrets, N ¼ 7) (Supplementary Material, Fig. S1 ), suggesting that LGH is not a transient structure during development in TD ferrets.
We next investigated the shapes of LGH in TD ferrets during development. Using serial sections, we categorized the shapes of LGH into four types: rod, wedge, sheet and nodule (Supplementary Material, Fig. S2 ). We found that the majority of LGH formed rod-type and wedge-type aggregations at P6 (rod, 46.2%; wedge, 42.3%; sheet, 0.0%; nodule, 11.5%; n ¼ 26 LGH). Rod-type aggregations were decreased by P16, whereas sheettype and nodule-type aggregations were increased (rod, 0.0%; wedge, 44.4%; sheet, 22.2%; nodule, 33.3%; n ¼ 9 LGH). These results suggest that the shapes of LGH gradually change during development.
Distribution of progenitor cells in LGH of TD ferrets
One of the possible mechanisms underlying LGH formation would be that neural progenitors were ectopically located in the marginal zone and resulted in the formation of LGH. To address this possibility, we first performed immunohistochemistry for Ki-67 and phospho-histone H3 (pHH3), which are markers of proliferating cells. We found that Ki-67-positive cells were not accumulated in LGH of TD ferrets at P6 (Fig. 3A) . Consistently, pHH3-positive cells were rarely found in LGH (Fig. 3B) . It seemed unlikely that cell proliferation is enhanced in LGH. We next examined the neural progenitor markers Pax6 and Tbr2. Only a few Pax6-positive cells and Tbr2-positive cells were detected in LGH ( Fig. 3C and D) . These results suggest that neural progenitors in LGH are not related to the pathogenesis of LGH.
Neuronal migration in TD ferrets
Given that cell proliferation in LGH does not mediate LGH formation, another possible mechanism would be an increase in neuronal migration into LGH. To examine this possibility, we performed immunohistochemistry for vimentin, which is a marker for radial fibers of radial glial cells (RGCs) and outer radial glial cells (oRGs). We found that vimentin-positive radial fibers were densely accumulated in LGH of TD ferrets (Fig. 4A,  arrows) . This result raised the possibility that immature neurons preferentially migrate into LGH along dense radial fibers. Consistently, immunohistochemistry for doublecortin (DCX), which is expressed in migrating immature neurons, revealed many DCX-positive cells in LGH (Fig. 4B, arrows) . Taken together, these results suggest that areas that exhibit LGH in TD ferrets are formed by the preferential migration of immature neurons there.
We next investigated a possible mechanism underlying abnormal migration of neurons into LGH. It was previously reported that reelin-expressing Cajal-Retzius (CR) cells were reduced in mice exhibiting LGH (1, 29) , and that the depletion of reelin resulted in over-migration of cortical neurons into the marginal zone of the mouse cerebral cortex (30) . We therefore hypothesized that reelin expression was affected in TD ferrets. We performed immunostaining for reelin and found reelinpositive CR cells were reduced even before the formation of LGH in TD ferrets (Fig. 4C) . This may indicate that the reduction of reelin expression leads to the formation of LGH in TD.
It was previously reported that the glia limitans around LGH was disrupted in human TD patients (31) . We therefore performed immunohistochemistry for BLBP, which is expressed in radial glial cells and astrocytes. In the control cortex, the glia limitans labeled with anti-BLBP antibody was located along the pia matter (Fig. 4D, arrowheads) . We found that the BLBP-positive glia limitans around LGH was disorganized in TD ferrets (Fig. 4D, arrows) , suggesting that radial glial endfeet were detached from the pial basement membrane. Because the glia limitans maintains the pial basement membrane and prevents migrating neurons from invading into the leptomeninges (32), the disorganization of radial glial endfeet could be involved in the formation of LGH in TD.
Discussion
Here, we have shown that TD ferrets exhibit LGH which has similar features to that of human TD patients. Proliferative neural progenitors were rarely observed in LGH, suggesting that LGH does not result from focal production of neurons in the marginal zone. We uncovered that radial fibers and migrating immature neurons were accumulated in LGH of TD ferrets. These results suggest that immature neurons migrate along dense radial fibers to make LGH in TD ferrets.
Mechanisms underlying LGH formation in TD ferrets
Our current study showed that neural progenitors were rarely found in LGH of TD ferrets, suggesting that local cell proliferation in LGH is not responsible for the formation of LGH in TD ferrets. Because the formation of megalencephaly and polymicrogyria, which are also found in TD, involves cell proliferation, it seems reasonable to speculate that the formation of LGH and that of megalencephaly and polymicrogyria are mediated by distinct processes in TD (9, 26) .
One attractive hypothesis for the mechanism of LGH formation would be that immature post-mitotic neurons aberrantly migrate and accumulate in LGH. Consistent with this hypothesis, we found that radial fibers were densely distributed in LGH. Furthermore, DCX-positive migrating neurons were preferentially distributed in LGH. Further investigation would be necessary to investigate the role of the aberrant migration of immature neurons in LGH formation. In addition, it would be intriguing to investigate the molecular mechanisms responsible for the formation of dense radial fibers.
LGH is observed not only in human TD but also in other diseases such as type II lissencephaly (also known as cobblestone lissencephaly) (33) . It is speculated that the pathogenesis of LGH in type II lissencephaly involves over-migration of immature neurons during development (1). Because our study raised the possibility that aberrant migration underlies LGH formation in TD, it seems plausible that LGH in TD and that in other diseases share similar pathogenetic mechanisms. It would be intriguing to compare the mechanisms of LGH formation in various diseases.
Histological features of LGH in TD ferrets
Although previous studies reported the presence of postmitotic neurons and glial cells in LGH of human TD patients (28), detailed information about the histological features of LGH has been missing. In this study, we found that our TD ferrets exhibited not only polymicrogyria and PNH, as reported previously (26, 27) , but also LGH. It seems likely that neurons in LGH originate from the pallium rather than the subpallium because GFPpositive neurons were observed in LGH of TD ferrets (Fig. 1B) when plasmids encoding GFP were introduced into the pallium.
It was reported that brain abnormalities were found from 17 weeks of gestation in human TD patients (7). In our TD ferret models, LGH was formed by P16. Because 17 weeks of gestation of humans roughly corresponds to P6-P10 of ferrets in terms of cortical neurogenesis (34, 35) , the developmental time course of LGH formation in TD ferrets seems to be consistent with that in human TD patients.
Advantage of TD ferrets for examining the pathogenesis of brain abnormalities
Our knowledge about the pathogenesis of brain malformations in human TD patients is limited. One reason for this is that brain samples of TD patients are difficult to obtain. Another important reason is that knockin mice carrying the mutation which was found in human TD patients showed megalencephaly, but failed to exhibit polymicrogyria, PNH and LGH (9) (10) (11) (12) . These findings indicate that the knockin mice do not recapitulate the entire phenotype of the brain in human TD patients. This is presumably because mice lack some mechanisms responsible for polymicrogyria, PNH and LGH. In contrast to TD mice, our TD ferrets exhibit not only megalencephaly but also polymicrogyria, PNH and LGH (26) . Thus, TD ferrets seem more appropriate for investigating the pathophysiological mechanisms of the brain phenotypes of human TD patients.
It remained possible that the phenotypes of the cerebral cortex in our TD ferrets are not completely the same as those of human TD patients. Human TD patients are caused by activating mutations of the FGFR3 gene (5-7), while we introduced FGF8 to activate FGFR3 in the ferret cerebral cortex. Nonetheless, because the cerebral cortex in TD ferrets shares important phenotypes with that in human TD patients, such as polymicrogyria, PNH and LGH, TD ferrets should be useful for investigating the pathogenesis of TD. It would be important to compare experimental findings obtained using TD ferrets with those obtained from human samples.
Because a genetic manipulation technique for the ferret cerebral cortex using in utero electroporation is available (22) (23) (24) , ferrets would be useful for investigating pathophysiological mechanisms underlying not only LGH but also other brain abnormalities which have been difficult to examine using mice and rats (36, 37) . In addition, the ferret brain has several brain structures which are shared with higher mammals including humans but not with mice and rats. For example, humans, monkeys and ferrets have folds of the cerebral cortex (gyri and sulci), the outer subventricular zone (OSVZ) in the developing cortex, and the ocular dominance columns and the magnocellular/parvocellular/koniocellular pathways in the visual system, but mice do not. Indeed, we recently reported the important role of the FGF signaling pathway, Tbr2 transcription factor and Cdk5 kinase in the formation of cortical folds by utilizing ferrets (24) (25) (26) 38) . Thus, ferrets should be useful for uncovering the molecular mechanisms underlying the formation and malformation of brain structures which are unique to higher mammals.
Materials and Methods
Animals
Normally pigmented, sable ferrets (Mustela putorius furo) were purchased from Marshall Farms (North Rose, NY). Ferrets were maintained as described previously (39) (40) (41) . The day of conception and that of birth were counted as embryonic day 0 (E0) and postnatal day 0 (P0), respectively. All procedures were performed in accordance with protocols approved by the Animal Care Committee of Kanazawa University.
In utero electroporation procedure for ferrets
In utero electroporation using ferrets was performed as described previously (22, 23) . Briefly, pregnant ferrets were deeply anesthetized, and their body temperature was monitored and maintained using a heating pad. The uterine horns were exposed and kept wet by adding drops of PBS intermittently. The location of embryos was visualized with transmitted light delivered through an optical fiber cable. The pigmented iris was visible, and this enabled us to assume the location of the lateral ventricle. Approximately, 2-5 ml of DNA solution was injected into the lateral ventricle at the indicated ages using a pulled glass micropipette. Each embryo within the uterus was placed between tweezer-type electrodes with a diameter of 5 mm (CUY650-P5; NEPA Gene, Japan). Square electric pulses (50-100 V, 50 ms) were passed 5 times at 1-s intervals using an electroporator (ECM830, BTX). The wall and skin of the abdominal cavity were sutured, and the embryos were allowed to develop normally.
Plasmids pCAG-GFP and pCAG-FGF8 were described previously (26, 42) . Plasmids were purified using the Endofree Plasmid Maxi Kit (Qiagen, Valencia, CA). Prior to in utero electroporation experiments, plasmid DNA was diluted to 2.5 mg/ml in PBS, and Fast Green solution was added at a final concentration of 0.5% to monitor the injection.
Immunohistochemistry
Immunohistochemistry was performed as described previously with slight modifications (43) (44) (45) . Briefly, ferrets were deeply anesthetized and transcardially perfused with 4% paraformaldehyde (PFA)/PBS. After the brain was dissected, the brain was cryoprotected by being immersed in 30% sucrose for 3 days and embedded in OCT compound. Coronal sections (50 mm) were made using a cryostat. The sections were permeabilized with 0.3% Triton X-100/PBS and incubated overnight with primary antibodies, which included anti-GFP antibody (Nacalai tesque, Japan), antiNeuN antibody (Cell signaling), anti-GS antibody (Sigma-Aldrich), anti-Ki-67 antibody (Leica), anti-pHH3 antibody (Millipore), antiPax6 antibody (Covance), anti-Tbr2 antibody (Abcam), antivimentin antibody (Millipore), anti-DCX antibody (Santa Cruz Biotechnology), anti-laminin antibody (Sigma), anti-reelin antibody (Millipore) and anti-BLBP antibody (Abcam). After being incubated with secondary antibodies and Hoechst 33342, the sections were washed and mounted.
Microscopy
Epifluorescence microscopy was performed with a BIOREVO BZ-9000 (Keyence).
Supplementary Material
Supplementary Material is available at HMG online.
